Introduction
============

Pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and induced PSCs (iPSCs), are self-renewing cells and are able to differentiate into cell types from all three germ layers ([@b1-ijmm-40-03-0814]). Therefore, they provide potential sources for cell replacement therapy in neurodegenerative diseases and spinal cord injuries ([@b2-ijmm-40-03-0814]). The high-yield production of homogenous neuronal cell subtypes is necessary for cell therapy. However, the derivatives of PSCs may contain proliferating non-neural cells and undifferentiated cells by using current neural induction protocols, which is unacceptable for cell transplantation due to the risk of tumor formation ([@b3-ijmm-40-03-0814]-[@b6-ijmm-40-03-0814]). Although a number of molecular signatures that are involved in neurogenesis have been identified, the precise molecular mechanisms underlying the neural differentiation of PSCs remain to be elucidated.

The transforming growth factor-β (TGF-β) signaling pathway plays an important role in a variety of cellular processes, including cell growth, migration, proliferation and differentiation, as well as cell survival and apoptosis ([@b7-ijmm-40-03-0814],[@b8-ijmm-40-03-0814]). The vertebrate TGF-β superfamily can be divided into two subfamilies: the TGF-β/Activin/Nodal subfamily and the bone morphogenetic protein (BMP)/growth differentiation factor (GDF)/Müllerian-inhibiting substance (MIS) subfamily ([@b9-ijmm-40-03-0814],[@b10-ijmm-40-03-0814]). The ligands of the TGF-β superfamily bind to type I and II serine/threonine kinase receptors ([@b11-ijmm-40-03-0814]-[@b13-ijmm-40-03-0814]), resulting in the formation of ligand-receptor complexes in which type II receptors are activated ([@b14-ijmm-40-03-0814]). The type I receptors are then phosphorylated by activated type II receptors ([@b11-ijmm-40-03-0814],[@b12-ijmm-40-03-0814],[@b14-ijmm-40-03-0814]). Subsequently, activated type I receptors phosphorylate and activate downstream receptor-regulated Smads (R-Smads), including Smad1, 2, 3, 5 and 8 ([@b9-ijmm-40-03-0814],[@b12-ijmm-40-03-0814]-[@b14-ijmm-40-03-0814]). Phosphorylated R-Smads interact with common-mediator Smad4 (co-Smad4), forming oligomeric R-Smad/co-Smad complexes which trans-locate into the nucleus and regulate the transcription of specific genes ([@b11-ijmm-40-03-0814]-[@b15-ijmm-40-03-0814]). It has been reported that the dual inhibition of the two subfamilies of TGF-β signaling pathways induce the efficient neuralization of PSCs ([@b10-ijmm-40-03-0814]).

MicroRNAs (miRNAs or miRs) are a class of small non- protein-coding RNAs, approximately 21 to 23 nucleotides in length ([@b16-ijmm-40-03-0814]-[@b18-ijmm-40-03-0814]). The mature miRNA directly binds to the 3′ untranslational region (3′UTR) of a specific mRNA, leading to mRNA cleavage or translational repression ([@b18-ijmm-40-03-0814]-[@b21-ijmm-40-03-0814]). miRNAs act as critical regulatory molecules in various biological and pathologic processes, such as cell growth, self-renewal, proliferation, differentiation, apoptosis and stress resistance ([@b13-ijmm-40-03-0814],[@b16-ijmm-40-03-0814],[@b17-ijmm-40-03-0814],[@b19-ijmm-40-03-0814],[@b22-ijmm-40-03-0814]). Accumulating evidence has emerged to indicate that miRNAs are involved in the regulation of TGF-β signaling by targeting the TGF-β superfamily receptors, Smads and other components of the TGF-β signaling pathway ([@b23-ijmm-40-03-0814]). However, the mechanisms through which miRNAs coordinate with TGF-β signaling pathway to influence PSC fate determination are not yet fully understood. miR-146b-5p, a highly conserved miRNA, was previously found to be significantly upregulated in neural stem cells (NSCs) that differentiated from rhesus monkey ESCs ([@b24-ijmm-40-03-0814]). Of note, it has been reported that miR-146b-5p regulates TGF-β signal transduction by repressing Smad4 in a rat thyroid follicular cell line ([@b25-ijmm-40-03-0814]).

In this study, we discovered that the expression level of miR-146b-5p was also markedly increased following the neural induction of mouse ESCs or iPSCs. Thus, stable miR-146b-5p- overexpressing ESC and iPSC cell lines were generated to explore the role of miR-146b-5p in ESC or iPSC differentiation. We observed that miR-146b-5p-overexpressing ESCs or iPSCs exhibited a significant reduction in Oct4 expression. Importantly, we identified that miR-146b-5p negatively regulated the TGF-β signaling pathway via the suppression of Smad4, which contributed to the commitment of mouse PSCs to the neural lineage.

Materials and methods
=====================

Cell culture
------------

Mouse iPSCs expressing an Oct4-GFP fusion gene (OS402B-1; Guangzhou Institute of Biomedicine and Health, Chinese Academy of Sciences, Guangzhou, China) and mouse ESCs (R1) (ATCC, Manassas, VA, USA) were used in the present study. The two cell lines were cultured on mitomycin C-treated mouse embryonic fibroblasts (MEFs) in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 15% knockout serum replacement (KSR), 0.1 mM non- essential amino acids (NEAAs) and 2 mM L-glutamine (all from Gibco Life Technologies, Grand Island, NY, USA), 0.1 mM 2-mercaptoethanol, 100 U/ml penicillin, 100 *μ*g/ml streptomycin and 1,000 U/ml mouse leukemia inhibitory factor (LIF) (all from PeproTech Inc., Rocky Hill, NJ, USA). The culture medium was changed every day. The cells were dissociated into single cells by 0.25% trypsin and 0.53 mM EDTA (Beijing Solarbio Science and Technology Co., Ltd., Beijing, China) and passaged on MEFs every 2-3 days.

Stable cell line generation
---------------------------

To generate stable miR-146b-5p-overexpressing cell lines, we cloned miR-146b-5p pre-miRNA sequence with an additional 100 nt flanking each end by using polymerase chain reaction (PCR) amplification with mouse genomic DNA as templates. For the generation of Smad4- overexpressing cell lines, we cloned the cDNA of Smad4 from the total RNA of R1 ESCs (all primers are listed in [Table I](#tI-ijmm-40-03-0814){ref-type="table"}). After the PCR products were inserted into pSin-EF1α-IRES-prou vectors, the constructs containing the miR-146b-5p pre-miRNA sequence or Smad4 sequence were confirmed by DNA sequencing. To produce lentiviral particles, pSin-miR-146b-5p or pSin-Smad4 vectors were co-transfected with package vectors, including pSPAX2 and pMD2.G into 293T cells. 293T cells were obtained from the cell bank of the Chinese Academy of Sciences (Shanghai, China). The medium was refreshed the following day, and the viral supernatant was harvested after 2 days. The ESCs or iPSCs were transfected with lentiviruses, and then cultured in selection media containing 2 *μ*g/ml puromycin for 2-3 days. The control cells were untransfected cells.

Neural induction
----------------

The mouse ESCs or iPSCs were induced to differentiate into NSCs using the adherent monolayer culture method as previously reported with some modifications ([@b26-ijmm-40-03-0814]). Briefly, the ESCs and iPSCs were passaged at least once on gelatin-coated dishes in the presence of LIF (2,000 U/ml) in medium prior to differentiation, in order to eliminate contaminating MEFs ([@b27-ijmm-40-03-0814]). Undifferentiated cells were dissociated and seeded out on gelatinized tissue culture plastics at a density of 0.5-1.5×10^4^/cm^2^ in ESC medium. After 24 h, the medium was replaced with N2B27 medium consisting of a 1:1 mixture of DMEM/F12 supplemented with 1% N2 and Neurobasal medium supplemented with 2% B27 (all from Gibco Life Technologies). After 9 days of culture, the cells were processed to immunocytochemistry and flow cytometry.

Reverse transcription-quantitative PCR (RT-qPCR) analysis
---------------------------------------------------------

Total RNA was isolated using TRIzol reagent (Life Technologies, Carlsbad, CA, USA). RNA was subjected to reverse transcription reactions to generate complementary DNA using the cDNA synthesis kit (Takara Bio Inc., Shiga, Japan) according to the manufacturer\'s instructions. Following reverse transcription, RT-qPCR was carried out with PrimeScript™ RT Reagent kit (Takara Bio Inc.) on an Applied Biosystems 7500/7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). β-actin, a housekeeping gene, was used as the endogenous control. For miRNA RT-qPCR, miR-146b-5p was reverse transcribed using the specific stem-loop primer and cDNA synthesis kit (Takara Bio Inc.). The small nuclear RNA, U6, was used as a reference control. All the specific primer pairs used to analyze the target genes are listed in [Tables II](#tII-ijmm-40-03-0814){ref-type="table"} and [III](#tIII-ijmm-40-03-0814){ref-type="table"}.

Immunocytochemistry
-------------------

Immunocytochemical procedures were performed using previously described protocol with some modifications ([@b28-ijmm-40-03-0814]). The cultured cells were fixed with freshly prepared 4% paraformaldehyde (PFA) for 15 min at room temperature, and treated with 0.3% (v/v) Triton X-100 in 10% (w/v) bovine serum albumin (BSA) for 40 min. The cells were sequentially incubated overnight at 4°C with primary antibodies diluted in phosphate-buffered saline (PBS) plus 1% BSA. The cells were washed 3 times with PBS, followed by incubation for 2 h with appropriate secondary antibodies. Following 3 washes with PBS, the cultures were incubated with 4′,6-diamidino- 2-phenylindole (DAPI) for 15 min to counterstain nuclei. The cells were then rinsed with PBS 3 times prior to visualization. The following primary antibodies were used: Oct4 (1:200; sc-5279; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), Nanog (1:500; NB100-58842; Novus Biologicals Inc., Littleton, CO, USA) and Nestin (1:100; ab6142; Abcam, Cambridge, UK).

Alkaline phosphatase (AP) staining
----------------------------------

The medium was aspirated from the wells, and the wells were rinsed twice with PBS. The cells were fixed with 4% PFA at room temperature for 2 min. The cells were then equilibrated with AP buffer (10 mM Tris-HCl pH 9.5, 100 mM NaCl, 50 mM MgCl~2~) for 5 min at room temperatue after twice washes with PBS containing 1% Tween-20 (PBST). The AP buffer was removed and staining solution (0.9 mg nitroblue tetrazolium (NBT) and 0.7 mg 5-Bromo-4-chloro-3-indolyl phosphate (BCIP) per 1 ml of AP buffer) was added to the wells. Following incubation with staining solution at room temperature for 15 min (protected from light), the cells were washed twice with PBS. The cells were then observed under a CKX53 microscope (serial no. 6F40625; Olympus, Tokyo, JAPAN).

Flow cytometry (FACS)
---------------------

Following 9 days of differentiation *in vitro*, the cultures were trypsinized into single cells and washed once with FACS buffer \[PBS plus 1% fetal bovine serum (FBS)\]. The cells were fixed in Cytofix™ Fixation Buffer (BD Biosciences, Franklin Lakes, NJ, USA) for 15 min at room temperature. Following 3 washes with FACS buffer, permeabilization was performed using Phosflow™ Perm/Wash Buffer I (BD Biosciences) for 10 min at 4°C. The cells were then incubated with primary antibody against Nestin (1:200; N5413; Sigma-Aldrich, St. Louis, MO, USA) diluted in Phosflow™ Perm/Wash Buffer I for 15 min at 37°C. The cells were washed with FACS buffer 3 times, followed by incubation with secondary antibody (1:500; A11008; Life Technologies, Eugene, OR, USA) in FACS buffer for 15 min at 37°C. The cells were washed and resuspended in PBS. Analyses were performed using an Accuri C6 flow cytometer (BD Biosciences) and FlowJo software.

Prediction of target gene
-------------------------

For the prediction of the target gene, we used the TargetScan database (<http://www.targetscan.org/mmu_71/>). For our selection, we used mouse species and searched for the Smad4 gene. This was followed by the entry of a microRNA name, such as miR-146b-5p.

Luciferase reporter assay
-------------------------

To verify whether the Smad4 gene is a direct target of miR-146b-5p, the putative miR-146b-5p target site in the Smad4 3′UTR or mutated 3′UTR of Smad4 gene was respectively cloned into the psiCHECK-2 vector downstream of the gene encoding the *Renilla* luciferase (RL). 293T cells were transiently transfected with wild-type or mutant Smad4 3′UTR psiCHECK-2 plasmids and miR-146b-5p or control vectors (miR-146b-5p empty vectors) using Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA). The luciferase activities were quantified using the Dual Luciferase Assay kit (Promega, Madison, WI, USA) according to the manufacturer\'s instructions. The RL activities were normalized to the activities of firefly luciferase (FL).

Western blot analysis
---------------------

The cultures were washed twice with PBS and incubated in cell lysis buffer (RIPA; Thermo Fisher Scientific, Inc., Waltham, MA, USA) on ice for 30 min. All cell lysates were centrifuged at the speed of 12,000 rpm for 10 min at 4°C. The concentration of proteins in the supernatant was measured using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Inc.). Protein extracts were boiled and resolved by 10% polyacrylamide gel by electrophoresis, and further electroblotted onto polyvinylidene difluoride (PVDF) membranes. After blocking with 5% BSA for 2 h at room temperature, the PVDF membranes were incubated overnight at 4°C with the following primary antibodies: β-actin (1:1,000; \#4970; Cell Signaling Technology, Inc., Danvers, MA, USA), and Smad4 (1:5,000; ab40759; Abcam). The PVDF membranes were then washed with Tris-buffered saline containing 1% Tween-20 (TBST) and probed with the secondary antibody conjugated to horseradish peroxidase (anti-rabbit IgG; 1:1,000; \#7074s; Cell Signaling Technology, Inc.) for 2 h at room temperature. Following 3 washes with TBST, detection was performed using an enhanced chemiluminescence kit (Beyotime Institute of Biotechnology, Haimen, China) plus the Syngene Bio Imaging system (Syngene, Frederick, MD, USA).

Statistical analysis
--------------------

All experiments were independently repeated at least 3 times, and statistical analysis was performed using SPSS 18.0 statistical software (SPSS Inc., Chicago, IL, USA). The data are expressed as the means ± SD. Pairwise comparisons between groups were conducted using the Student\'s t-test. When P-values were \<0.05, the results were considered as statistically significant.

Results
=======

Successful generation of miR-146b-5p-overexpressing ESCs or iPSCs
-----------------------------------------------------------------

ESCs can efficiently differentiate into NSCs using the adherent monolayer culture method ([@b26-ijmm-40-03-0814],[@b29-ijmm-40-03-0814]). This is a simple method with which to drive pluripotent cell differentiation as there is no need for multicellular aggregation or co-culture induction ([@b29-ijmm-40-03-0814]). In this study, neural induction was performed using the adherent monolayer culture method. Following the neural induction of mouse ESCs or iPSCs, the cultures exhibited a marked downregulation in the levels of pluripotency markers, including Oct4, Sox2, Nanog and Rex1, suggesting that the majority of PSCs exited from pluripotency and cellular differentiation occurred ([Fig. 1A](#f1-ijmm-40-03-0814){ref-type="fig"}). Importantly, we observed that the expression level of miR-146b-5p was markedly increased in the ESC or iPSC-derived cultures (day 9, D9), and was approximately 2.5- or 2.6-fold higher than the ESCs or iPSCs before neural induction (day 0, D0; [Fig. 1B](#f1-ijmm-40-03-0814){ref-type="fig"}). To further identify the role of miR-146b-5p in ESCs or iPSCs, we transfected a lentiviral vector (lenti-miR-146b-5p) into the ESCs and iPSCs to induce the overexpression of endogenous miR-146b-5p. Following selection by puromycin, the remaining ESC or iPSC colonies were selected and expanded individually. In the process of cell culture, we observed that the lenti-miR-146b-5p- transfected ESCs or iPSCs did not display any obvious morphological changes in the presence of LIF. The ESCs or iPSCs transfected with lenti-miR-146b-5p propagated rapidly and formed many colonies with smooth boundaries ([Fig. 1C](#f1-ijmm-40-03-0814){ref-type="fig"}). As shown in [Fig. 1D](#f1-ijmm-40-03-0814){ref-type="fig"}, the results of RT-qPCR revealed that the expression level of miR-146b-5p was markedly increased in the lenti-miR-146b-5p-transfected ESCs or iPSCs, and was approximately 16- or 5.7-fold higher than that in the control ESCs or iPSCs, respectively (P\<0.001). These data suggested that we successfully generated two cell lines that constitutively expressed robust and mature miR-146b-5p.

The enforced expression of miR-146b-5p does not induce the rapid differentiation of ESCs or iPSCs
-------------------------------------------------------------------------------------------------

We then investigated whether the overexpression of miR-146b-5p in the ESCs or iPSCs affects cell pluripotency. We analyzed the mRNA expression levels of markers of pluripotency, such as Oct4, Sox2, Nanog and Rex1. Surprisingly, the results of RT-qPCR revealed that the expression level of Oct4, an important marker for pluripotency, was significantly decreased in the ESCs or iPSCs transfected with lenti-miR-146b-5p (P\<0.05). However, the mRNA expression levels of Sox2, Nanog and Rex1 remained unaltered ([Fig. 2A](#f2-ijmm-40-03-0814){ref-type="fig"}). Although the overexpression of miR-146b-5p in the ESCs or iPSCs seemed to affect the expression of Oct4, we found that these cells could be expanded for at least 5 passages *in vitro* and still displayed typical ESC or iPSC morphology. As illustrated in [Fig. 2B](#f2-ijmm-40-03-0814){ref-type="fig"}, immunofluorescence staining revealed that the lenti-miR-146b-5p-transfected ESCs expressed the pluripotency markers, Oct4 and Nanog, and the lenti-miR-146b-5p-transfected iPSCs expressed Nanog as well. Green fluorescence was detected in the miR-146b-5p-overexpressing iPSCs using a fluorescence microscope, indicating that these cells continually expressed Oct4. Furthermore, the lenti-miR-146b-5p-transfected ESCs or iPSCs were positive for AP ([Fig. 2C](#f2-ijmm-40-03-0814){ref-type="fig"}), a widely accepted marker of PSCs ([@b30-ijmm-40-03-0814]). The above-mentioned experimental results confirmed that the miR-146b-5p-overexpressing ESCs or iPSCs, with a reduction in Oct4 expression, still exhibited typical characteristics of PSCs, indicating that the overexpression of miR-146b-5p in mouse ESCs or iPSCs did not induce immediate differentiation.

Neural commitment is enhanced in miR-146b-5p-overexpressing ESCs or iPSCs
-------------------------------------------------------------------------

To investigate in detail whether miR-146b-5p affects the neural differentiation of ESCs or iPSCs, we cultured miR-146b-5p-overexpressing ESCs or iPSCs and control cells in N2B27 medium. After 9 days of culture, the cells expanded toward all directions, and a large number of small, elongated cells appeared ([Fig. 3A](#f3-ijmm-40-03-0814){ref-type="fig"}). Rosette- like structures, positive for Nestin by immunofluorescence staining, were observed in both lenti-miR-146b-5p transfected cells and control cells ([Fig. 3B](#f3-ijmm-40-03-0814){ref-type="fig"}). As expected, the expression levels of pluripotency markers (Oct4, Sox2, Nanog and Rex1) were also strongly decreased in the cultures derived from miR-146b-5p-overexpressing ESCs or iPSCs ([Fig. 3C](#f3-ijmm-40-03-0814){ref-type="fig"}). In order to further evaluate the successful differentiation of the miR-146b-5p-overexpressing ESCs or iPSCs into NSCs, we examined the mRNA expression levels of specific markers of the neuroectoderm, such as Sox1, Nestin and Pax6 in the differentiated cells. We confirmed that the overexpression of miR-146b-5p in the ESCs led to a marked increase in the mRNA expression levels of Sox1, Nestin and Pax6; these levels were approximately 2.9-, 1.8- and 2.7-fold higher than those in the ESC controls, respectively. Compared with the iPSC controls, the expression levels of Sox1, Nestin and Pax6 in the cultures derived from the lenti-miR-146b-5p-transfected iPSCs were significantly upregulated by 59.1, 85.3 and 24.1%, respectively ([Fig. 3D](#f3-ijmm-40-03-0814){ref-type="fig"}). Subsequently, flow cytometric analysis was performed to analyze the Nestin-positive cells. The results verified that the number of cells positive for Nestin in the lenti-miR-146b-5p-transfected ESCs or iPSCs was higher than that in the controls. As demonstrated in [Fig. 3E](#f3-ijmm-40-03-0814){ref-type="fig"}, the number of Nestin-positive cells that differentiated from the miR-146b-5p-overexpressing ESCs or iPSCs was increased by an average of 5.4 and 9.2% compared with the control ESCs or iPSCs, respectively (P\<0.05). Overall, these experimental data indicated that miR-146b-5p was capable of promoting the neural commitment of ESCs or iPSCs.

miR-146b-5p directly targets Smad4 and modulates TGF-β signaling
----------------------------------------------------------------

To further elucidate the mechanisms through which miR-146b-5p executes its functions during ESC or iPSC neural differentiation, we used a miRNA-target prediction program, TargetScan, to screen for the candidate target genes of miR-146b-5p. We found that miR-146b-5p was predicted to target Smad4, a central transducer of both the TGF-β and BMP signaling pathways ([@b23-ijmm-40-03-0814]). The mRNA of Smad4 had one potential complimentary binding site with miR-146b-5p within its 3′UTR ([Fig. 4A](#f4-ijmm-40-03-0814){ref-type="fig"}). Hence, we evaluated the functional interaction of miR-146b-5p with the 3′UTR of Smad4 by a dual luciferase reporter assay. We constructed reporter vectors that contained the wild-type 3′UTR of Smad4, as well as the mutated miR-146b-5p target sequence ([Fig. 4A](#f4-ijmm-40-03-0814){ref-type="fig"}). 293T cells were co-transfected with these reporter plasmids and miR-146b-5p or control vectors. Transfection of the reporter vectors containing the wild-type 3′UTR of Smad4 with miR-146b-5p vectors led to a significant decrease in relative luciferase activity compared with the control (P\<0.001). However, the suppression of relative luciferase activity was not observed when the 3′UTR of Smad4 was mutated (P\>0.05) ([Fig. 4B](#f4-ijmm-40-03-0814){ref-type="fig"}). We then examined the expression levels of Smad4 in lenti-miR-146b-5p-transfected cells and control cells. As expected, RT-qPCR analysis revealed that the mRNA level of Smad4 in the lenti-miR-146b-5p-transfected ESCs or iPSCs was markedly reduced by 64.9 and 70.8% compared with the control ESCs or iPSCs, respectively ([Fig. 4C](#f4-ijmm-40-03-0814){ref-type="fig"}). The results of western blot analysis confirmed that the protein expression level of Smad4 was significantly decreased in the lenti-miR-146b-5p-transfected cells in comparison to the control cells ([Fig. 4D](#f4-ijmm-40-03-0814){ref-type="fig"}). Smad4, also known as co-Smad, is a crucial partner in oligomeric Smad complexes. In the absence of Smad4, TGF-β signaling is severely crippled ([@b11-ijmm-40-03-0814]). Based on the above, we then wished to determine whether the expression levels of downstream genes of TGF-β signaling are suppressed by the decrease in Smad4 expression in the ESCs or iPSCs transfected with lenti-miR-146b-5p. We proceeded to detect the mRNA expression levels of TGF-β sign aling downstream genes, such as Lefty1 and 2 ([@b31-ijmm-40-03-0814]-[@b34-ijmm-40-03-0814]). As shown in [Fig. 4E](#f4-ijmm-40-03-0814){ref-type="fig"}, the expression levels of these genes were found to be significantly downregulated in the miR-146b-5p-overexpressing ESCs or iPSCs compared with the control ESCs or iPSCs, as shown by RT-qPCR analysis (P\<0.001). These findings demonstrated that miR-146b-5p negatively regulated the TGF-β signaling pathway by suppressing Smad4.

Neural differentiation is inhibited in Smad4-overexpressing ESCs or iPSCs
-------------------------------------------------------------------------

To determine whether Smad4 influences the neural commitment of ESCs or iPSCs, we transfected Smad4 lentiviral vectors (lenti-Smad4) into the ESCs and iPSCs to generate stable Smad4-overexpressing cell lines. As shown by the results of RT-qPCR analysis, the expression level of Smad4 was significantly increased in the lenti-Smad4-transfected ESCs or iPSCs, in comparison to the untransfected control cells ([Fig. 5A](#f5-ijmm-40-03-0814){ref-type="fig"}); this was further confirmed by western blot analysis ([Fig. 5B](#f5-ijmm-40-03-0814){ref-type="fig"}). Following the neural induction of Smad4-overexpressing ESCs or iPSCs, typical rosette-like structures of neuroepithelial cells were also observed by immunofluorescence staining ([Fig. 5C](#f5-ijmm-40-03-0814){ref-type="fig"}). However, RT-qPCR analysis revealed that the mRNA levels of neural markers (Sox1, Nestin and Pax6) were pronouncedly decreased in the cultures derived from Smad4-overexpressing ESCs or iPSCs, compared with the respective control cells ([Fig. 5D](#f5-ijmm-40-03-0814){ref-type="fig"}). Moreover, FACS analysis revealed that the number of Nestin-positive cells differentiated from Smad4-overexpressing ESCs or iPSCs was reduced by an average of 17.9 and 14.3% in comparison to the control ESCs or iPSCs (P\<0.05), respectively ([Fig. 5E and F](#f5-ijmm-40-03-0814){ref-type="fig"}). Taken together, our findings indicated that the Smad4- overexpressing ESCs or iPSCs exhibited a significant reduction in neural differentiation, indicating that Smad4 is an important regulator of neural cell fate decisions.

Discussion
==========

TGF-β signaling pathway and miRNAs both participate in various cellular processes. However, the association between the TGF-β signaling pathway and miR-146b-5p in neurogen-esis is not fully understood. In the present study, one of the main findings was that miR-146b-5p promotes the neural commitment of mouse PSCs, at least partially by blocking the expression of Smad4.

miRNAs are identified as important post-transcriptional regulators of embryonic development. To date, a number of miRNAs have been found to be involved in neurogenesis, including miR-376c, miR-134, miR-125 and miR-9a ([@b33-ijmm-40-03-0814],[@b35-ijmm-40-03-0814]-[@b37-ijmm-40-03-0814]). miR-146b-5p, a highly conserved miRNA, shares the same nucleotide mature sequence in many species, such as *Homo sapiens*, *Macaca mulatta* and *Mus musculus*. miR-146b-5p has been reported to be related to cancer growth ([@b38-ijmm-40-03-0814]), cell proliferation and migration ([@b39-ijmm-40-03-0814]). It was recently discovered that miR-146b-5p is significantly upregulated after rhesus monkey ESCs differentiate into NSCs ([@b24-ijmm-40-03-0814]). In the present study, the same observation was also found in mouse ESCs and iPSCs. We discovered that miR-146b-5p expression was markedly increased following the neural induction of mouse ESCs or iPSCs. Of note, miR-146b-5p was highly expressed in cultures derived from human NSCs by standard differentiation protocols. In addition, miR-146b-5p induces human NSCs to express β-tubulin III, a neuronal precursor marker ([@b40-ijmm-40-03-0814]). Based on these results, we hypothesized that miR-146b-5p was associated with the neural commitment of PSCs. Therefore, miR-146b-5p-overexpressing cell lines were generated to further elucidate the role of miR-146b-5p. According to the results of RT-qPCR and FACS analyses, we confirmed that neural conversion was pronouncedly enhanced in miR-146b-5p-overexpressing cells.

It has been reported that miR-146b-5p regulates the TGF-β signaling pathway by repressing Smad4 in the rat thyroid follicular cell line, PCCL3 ([@b25-ijmm-40-03-0814]). However, it is not clear whether miR-146b-5p suppresses Smad4 and promotes neural differentiation in mouse PSCs. By using the miRNA-target prediction program, we found that miR-146b-5p was also predicted to target Smad4 in *Mus musculus*. Luciferase reporter assay revealed that the Smad4 was a direct target of miR-146b-5p in mouse ESCs and iPSCs. We observed that the expression of Smad4 in miR-146b-5p-overexpressing cells was markedly decreased at both the mRNA and protein level. Furthermore, the expression levels of downstream genes of TGF-β signaling, Lefty1 and 2, were significantly downregulated in ESCs or iPSCs transfected with lenti-miR-146b-5p. These data suggest that miR-146b-5p negatively regulates the TGF-β signaling pathway via the suppression of Smad4 in mouse PSCs. It is worth noting that TGF-β superfamily members play a critical role in the control of PSC self-renewal and the maintenance of the pluripotent state ([@b8-ijmm-40-03-0814],[@b10-ijmm-40-03-0814],[@b41-ijmm-40-03-0814]). A previously published study demonstrated that the inhibition of the Activin/Nodal signaling pathways by TGF-β1/ALK inhibitor potentially suppressed the pluripotent gene, Oct4, in mouse ESCs ([@b27-ijmm-40-03-0814]). In the present study, the miR-146b-5p-overexpressing ESCs or iPSCs, with the downregulation of Smad4, exhibited a significant decrease in Oct4 mRNA expression. It is possible that the TGF-β signaling pathway was blocked by the miR-146b-5p-mediated downregu-lation of Smad4, resulting in a reduction in Oct4 expression. Of note, Oct4 has been reported to specifically suppress neural ectodermal differentiation. The neural ectodermal fate becomes available to ESCs when Oct4 is downregulated to a low level ([@b42-ijmm-40-03-0814]). Following the overexpression of miR-146b-5p in ESCs or iPSCs, we observed a reduction in Oct4 expression, which may provide an explanation for the miR-146b-5p-over-expressing ESCs or iPSCs having a tendency to differentiate toward the neural lineage.

The TGF-β signaling pathway plays a pivotal role in the neural induction of the early embryo. As described by the \'default model\', the conversion of embryonic cells to the neuronal fate requires the elimination of TGF-β signaling, and this conversion is direct and does not require the concomitant induction of mesendodermal fates ([@b43-ijmm-40-03-0814]). A previous study have confirmed that the inhibition of the TGF-β signaling pathway is sufficient to directly induce neural fate in not only mammalian embryos, but also human and mouse pluripotent embryonic stem cells ([@b44-ijmm-40-03-0814]). Smad4 is a crucial transducer of the TGF-β signaling pathway ([@b23-ijmm-40-03-0814]). In vertebrates, Smad4 can form oligomeric Smad complexes with R-Smads, which facilitates their nuclear translocation, leading to the activation of target genes ([@b9-ijmm-40-03-0814],[@b11-ijmm-40-03-0814]). The TGF-β signaling pathway is markedly blocked in the absence of Smad4 ([@b11-ijmm-40-03-0814]). It has previously been demonstrated that mouse ESCs with the deletion of Smad4 favor a neural fate *in vitro* ([@b45-ijmm-40-03-0814]). In comparison to wild-type mouse ESCs, Smad4^−/−^ ESCs are more likely to differentiate into Nestin-positive cells ([@b46-ijmm-40-03-0814]). In our study, we observed that the downregulation of Smad4 by miR-146b-5p also resulted in an efficient conversion of PSCs into NSCs. The BMP signal, one branch of the TGF-β signaling pathway, inhibits the neural differentiation of ESCs ([@b47-ijmm-40-03-0814]). Upon differentiation, ESCs in which Smad4 is knocked down are not able to respond to BMP4 and have a greater propensity to differentiate toward the neural lineage ([@b36-ijmm-40-03-0814]). Notably, Smad4 can directly bind and suppress Pax6, an important neural lineage specification factor ([@b33-ijmm-40-03-0814]). The targeted inhibition of Smad4 may be a solution to release Pax6 from Smad4-mediated suppression, which therefore may potentially direct PSCs to adopt neural fates. Our experimental data confirmed that the overexpression of Smad4 in ESCs or iPSCs led to a significant decrease in neural differentiation. By contrast, the miR-146b-5p-overexpressing ESCs or iPSCs, with the downregulation of Smad4, had a tendency to differentiate into the neural lineage. These results indicate that miR-146b-5p exerts a positive effect on the neural induction of PSCs by repressing Smad4 expression. Nevertheless, it is possible that miR-146b-5p plays other unknown roles to induce the neural differentiation of PSCs, which require further investigation.

In conclusion, our study reveals that miR-146b-5p-overexpressing ESCs or iPSCs exhibit a reduction in Oct4 expression, which may enable ESCs or iPSCs to have a propensity to differentiate into NSCs. Furthermore, we provide strong evidence that miR-146b-5p negatively regulates the signal transduction of TGF-β by suppressing Smad4, and promotes the neural induction of PSCs. This study highlights the importance of post-transcriptional regulatory mechanisms that affect the neural differentiation of PSCs.
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![The generation of miR-146b-5p-overexpressing embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs). (A) Following the neural induction of ESCs or iPSCs, the expression of pluripotency markers, including Oct4, Sox2, Nanog and Rex1, was significantly downregulated. (B) The expression level of miR-146b-5p was markedly increased in ESCs or iPSCs-derived cultures. (C) Clonal morphology of the control cells (including ESCs and iPSCs) and lenti-miR-146b-5p transfected ESCs or iPSCs. (D) Expression levels of miR-146b-5p were examined by RT-qPCR in control cells and lenti-miR-146b-5p-transfected ESCs or iPSCs. (C) Scale bar, 200 *μ*m. (A, B and D) Data are expressed as the means ± SD, ^\*^P\<0.05; ^\*\*^P\<0.01; ^\*\*\*^P\<0.001, as determined by the Student\'s t-test. D0, day 0; D9, day 9 following differentiation.](IJMM-40-03-0814-g00){#f1-ijmm-40-03-0814}

![Overexpression of miR-146b-5p in embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs) does not induce rapid differentiation. (A) Expression levels of four pluripotency markers (Oct4, Sox2, Nanog and Rex1) in control cells and miR-146b-5p-overexpressing ESCs or iPSCs. (B) Protein expression levels of Oct4 and Nanog were examined by immunostaining (green for Oct4, red for Nanog and blue for DAPI). Green fluorescence was detected in miR-146b-5p-overexpressing iPSCs using a fluorescence microscope. (C) Alkaline phosphatase (AP) staining of control cells and miR-146b-5p-overexpressing ESCs or iPSCs. (B and C) Scale bar, 200 *μ*m. (A) Data are expressed as the mean ± SD, ^\*^P\<0.05, as determined by the Student\'s t-test.](IJMM-40-03-0814-g01){#f2-ijmm-40-03-0814}

![miR-146b-5p promotes the neural conversion of embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). (A) After 9 days of culture, large numbers of small elongated cells appeared. (B) Cultures were stained for neural stem cells (NSCs) with an antibody recognizing Nestin (red) and DAPI (blue) to stain the cell nuclei. Rosette-like structures (arrows) were observed in cultures derived from control cells and miR-146b-5p-overexpressing ESCs or iPSCs. (C) The expression of pluripotency markers was pronouncedly decreased in miR-146b-5p overexpressing ESCs or iPSCs-derived cultures. (D) Expression levels of neuroectoderm markers, including Sox1, Nestin and Pax6, were assessed by RT-qPCR. (E) The percentages of Nestin-positive cells for each cell line were plotted in the bar graphs. (F) Representative FACS profiles of Nestin-labeled population in derivatives of control cells and miR-146b-5p-overexpressing ESCs or iPSCs. (A and B) Scale bar, 200 *μ*m. (C-E) Data are expressed as the means ± SD, ^\*^P\<0.05; ^\*\*^P\<0.01; ^\*\*\*^P\<0.001, as determined by the Student\'s t-test.](IJMM-40-03-0814-g02){#f3-ijmm-40-03-0814}

![miR-146b-5p negatively modulates the transforming growth factor-β (TGF-β) signaling pathway by directly targeting Smad4. (A) The putative miR-146b-5p binding sequences in the 3′ untranslational region (3′UTR) of Smad4 mRNA was computationally predicted. The putative miR-146b-5p target site in the Smad4 3′UTR (wild-type, wt) and mutated 3′UTR of Smad4 gene (mutant-type, mt) were cloned into downstream of the luciferase gene separately. (B) Transfection of the reporter vectors containing wild-type 3′UTR of Smad4 with miR-146b-5p vectors led to a significant reduction in luciferase activity, whereas this reduction of luciferase activity was not observed when the 3′UTR of Smad4 was mutated. (C) The mRNA expression levels of Smad4 in control cells and miR-146b-5p-overexpressing embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs) were determined by RT-qPCR. (D) Western blot analysis revealed a marked decrease in the protein expression levels of Smad4 in miR-146b-5p-overexpressing ESCs or iPSCs. (E) Expression levels of the TGF-β signaling downstream genes, Lefty1 and 2, were assessed by RT-qPCR. (B, C and E) Data are expressed as the means ± SD, ^\*^P\<0.05; ^\*\*\*^P\<0.001, as determined by the Student\'s t-test.](IJMM-40-03-0814-g03){#f4-ijmm-40-03-0814}

![Overexpression of Smad4 in embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs) reduces neural differentiation. (A) The mRNA expression levels of Smad4 were markedly increased in lenti-Smad4-transfected ESCs or iPSCs. (B) Western blot analysis of Smad4 expression in control cells and lenti-Smad4-transfected ESCs or iPSCs. (C) Immunostaining of Nestin (red) and DAPI (blue) in differentiated cells (arrows indicate the location of rosette-like structures). (D) The mRNA levels of neuroectoderm markers (Sox1, Nestin and Pax6) were significantly reduced in Smad4-overexpressing ESCs or iPSCs-derived cultures. (E) The percentages of Nestin-positive cells for each cell line were plotted in the bar graphs. (F) Representative FACS profiles of the Nestin-labeled population in cultures derived from control cells and Smad4-overexpressing ESCs or iPSCs. (C) Scale bar, 200 *μ*m. (A, D and E) Data are expressed as the means ± SD, ^\*^P\<0.05; ^\*\*^P\<0.01; ^\*\*\*^P\<0.001, as determined by the Student\'s t-test.](IJMM-40-03-0814-g04){#f5-ijmm-40-03-0814}

###### 

Primers used for the generation of pre-miRNA or Smad4 sequences.

  PCR products                      Forward primer (5′→3′)                 Reverse primer (5′→3′)
  --------------------------------- -------------------------------------- ------------------------------------
  miR-146b-5p pre-miRNA sequences   ATCGGCGATCGCAACAGCCCACAGAAGAGAGCTCTG   ATCGGTTTAAACAAGGTTCAGCTAAGGAGCCCCC
  Smad4 sequences                   CGGAATTCCCAGGTCATCCTGCTCACCAGATG       CCATCGATTCAGTCTAAAGGCTGTGGGTCCGC

###### 

Primers used for the reverse transcription reaction.

  Genes         Primer (5′→3′)
  ------------- ----------------------------------------------
  miR-146b-5p   CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAGCCTATG
  U6            AACGCTTCACGAATTTGCGT

###### 

Primers used for RT-qPCR.

  Genes         Forward primer (5′→3′)           Reverse primer (5′→3′)
  ------------- -------------------------------- -------------------------
  miR-146b-5p   ACACTCCAGCTGGGTGAGAACTGAATTCCA   TGGTGTCGTGGAGTCGGCAATT
  U6            CTCGCTTCGGCAGCACA                AACGCTTCACGAATTTGCGT
  Oct4          TAGGTGAGCCGTCTTTCCAC             GCTTAGCCAGGTTCGAGGAT
  Sox2          GCGGAGTGGAAACTTTTGTCC            CGGGAAGCGTGTACTTATCCTT
  Nanog         CTCAAGTCCTGAGGCTGACA             TGAAACCTGTCCTTGAGTGC
  Rex1          CCCTCGACAGACTGACCCTAA            TCGGGGCTAATCTCACTTTCAT
  Sox1          AGGCAGCTGGGTCTCAGAAG             GAAATCAAAGGCACGCTGTCT
  Nestin        CTGCAGGCCACTGAAAAGT              TTCCAGGATCTGAGCGATCT
  Pax6          ACACCTGTCTCCTCCTTCAC             GGTTGCATAGGCAGGTTGTTTG
  Smad4         AGGTGGCCTGATCTACACAAG            ACCCGCTCATAGTGATATGGATT
  Lefty1        CCAACCGCACTGCCCTTAT              CGCGAAACGAACCAACTTGT
  Lefty2        CAGCCAGAATTTTCGAGAGGT            CAGTGCGATTGGAGCCATC
  β-actin       TGCTAGGAGCCAGAGCAGTA             AGTGTGACGTTGACATCCGT
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